To examine the role of ␤1 integrin in myelin sheath development. During this process, axons are wrapped formation, we used either function-blocking antibodies by concentric layers of cell membrane derived either or the expression of a dominant-negative ␤1 chimera con- brane domains of the IL2R receptor had no effect on adhesion (data not shown). In keeping with the antibody- oligodendrocyte myelin membrane formation to 52.5% Ϯ 7.19% (p Ͻ 0.025, mean Ϯ SD of three experiments per-
work has established that oligodendrocytes and (Figure 1 ), confirming that the loss of myelin membranes their precursors express a limited repertoire of did not reflect the loss of cell survival. In contrast, a integrins [3, 4] . One of these, the ␣6␤1 laminin function-blocking monoclonal antibody against ␤5 integreceptor, can interact with laminin-2 substrates to rin had no significant effect on membrane formation (Fig- enhance oligodendrocyte myelin membrane ure 1). Interestingly, we also found that a single applicaformation in cell culture [5] . However, these tion of the ␤1-blocking antibody after 4 days of culture experiments do not address the important question reduced the extent of myelin membrane formation 1 day of integrin function during myelination in vivo, nor do later to the same extent as experiments in which the they define the respective roles of the ␣ and ␤ antibody had been present for 3 days. This result suggests subunits in the signaling pathways involved. Here, we that ␤1 integrin function is required not only for myelin use a dominant-negative approach to provide, for membrane formation but also for their maintenance.
the first time, evidence that ␤1 integrin function is required for myelination in vivo and use chimeric integrins to dissect apart the roles of the extracellular To examine the effects of the dominant-negative IL2R␤1
and cytoplasmic domains of the ␣6 subunit in the construct, we first performed short-term adhesion assays signaling pathways of myelination. on laminin-2 substrates to confirm inhibition of the func- brane domains of the IL2R receptor had no effect on adhesion (data not shown). In keeping with the antibody-
Figure 1
Myelin membrane formation assays in the presence of integrin-blocking software (Openlab, Improvision, and NIH image 1.61). ␤1 antibody (clone Ha2/5, Pharmingen) added from (c) days 2-5 or (d) ng/ml) and fibroblast growth factor-2 (FGF-2, 10 ng/ml), and were only at day 4. (e) and (f) show the lack of effect of the anti-␤5 functionthen plated on laminin-2 substrates and allowed to differentiate for blocking monoclonal antibody (clone P1F6, Chemicon) added at 5 days in SATO medium [3] containing 0.5% fetal calf serum (FCS).
(e) day 2 or (f) day 4. The graph shows the percentage of myelin The extent of myelin membrane formation was then assessed by membrane formation as compared with control cells after 5 days, with immunocytochemistry, using an antibody against myelin basic protein results of three independent experiments in triplicate expressed as (MBP) (clone 12, Serotec), and quantified using image analysis mean Ϯ SD. An asterisk indicates p Ͻ 0.025 (Student's t test).
shown). This confirms that the expression of the different ited by the X-irradiation, any observed remyelination of the axons within the lesion can only be carried out by constructs did not alter the timing of differentiation or the survival of the infected cells under the growth factor the transplanted oligodendrocyte progenitors. This system therefore provides an assay to estimate the myelinaconditions used in this study.
tion potential of the transplanted cells following genetic manipulation. These in vitro experiments with the dominant-negative ␤1 constructs confirm our previous [5] and present observations using blocking antibodies that ␤1 subunit function Three weeks after transplantation, animals were sacrificed, and their spinal cords were removed and prepared is necessary for myelin membrane formation in cell culture. They predict that cells lacking ␤1 function in vivo for light and electron microscopy analysis. In animals transplanted with IL2R␤1-expressing cells, a high proporwill show deficiencies in myelination, but the early embryonic lethality of the ␤1 null mouse [7, 8] precludes tion of axons remained demyelinated when compared with control transplants. The survival of transplanted cells the use of this mouse to study myelination. We therefore took an alternative approach to the question of in vivo was apparently equivalent, as judged by the cellularity of the lesions ( Figure 3 ). The extent of remyelination in function using the IL2R␤1 dominant-negative construct, which has been used previously to reveal the roles played five control and eight IL2R␤1 transplanted spinal cords was quantified using light microscopy on serial, toluidineby ␤1 integrins in the development of the murine mammary gland and osteoblast activity in vivo [9, 10] . We blue-stained semithin sections spanning the whole lesion.
To quantify each individual experiment, serial sections transplanted IL2R␤1 or control (vector-only)-expressing oligodendrocyte progenitors into focal areas of demyelinthrough each lesion were scored blind by two observers and allocated a score of 0-3 (0 ϭ no myelin, 1 ϭ Ͻ25% ation generated by the injection of the gliotoxin ethidium bromide into the dorsal funiculus of the X-irradiated adult axons myelinated, 2 ϭ 25%-75% axons myelinated, and 3 ϭ Ͼ75% axons myelinated). In animals transplanted rat spinal cord [11] . As endogenous remyelination is inhib- The effect of the expression of the dominant-negative IL2R␤1 construct on myelin membrane formation in vitro. The expression of the IL2R␤1 chimera in oligodendrocyte progenitors was achieved with the retroviral pLIXN vector (Clontech Laboratories). Cells were grown and expanded as described in Figure 1 , then exposed to retroviral infection and Remyelination of the dorsal funiculus of the spinal cord following subsequently maintained under antibiotic (G418) selection for a transplantation of oligodendrocyte precursor cells expressing the total of 5 days. Under these conditions, immunocytochemistry revealed IL2R␤1 construct or control cells. Cells were selected as described that at least 85% of the cells were expressing the transgene after infection in the Figure 2 legend and then transplanted. in myelination in vivo, we next examined the role of the although cells with a precursor morphology can be identified ␣ subunit. To do this, we used a chimeric integrin ap-(asterisk). The magnification is 2700ϫ.
proach as described by Sastry et al. [12] . We expressed either a full-length human ␣5 subunit, a chimeric integrin comprising the extracellular and transmembrane domains the ␤1 cytoplasmic domain would suffice, ␣5ec/␣6cy␤1-, of the human ␣5 integrin subunit and the cytoplasmic ␣5⌬␤1-, or full-length ␣5␤1-expressing cells would prodomain of the human ␣6 integrin subunit (␣5ec/␣6cy) duce myelin membranes similar in size to those seen in [11] , or a cytoplasmic truncation of the human ␣5 chain wild-type cells on laminin-2 substrates. If, in contrast, the following the GFFKR motif (␣5⌬). The rationale for this ␣6 cytoplasmic domain was implicated in the process, experiment was as follows. The human ␣ integrin sub␣5ec/␣6cy␤1 would form more myelin than ␣5⌬␤1. units will form by heterodimerization with the endogenous rat ␤1 integrin subunit, functional hybrid integrin receptors that can be detected by human ␣5-specific anti-
The expression of the chimeric integrins ( Figure 4 ) was performed as before using the pLIXN vector. The capacbodies. All of these hybrid integrins would be predicted to bind to fibronectin through the identical ␣5␤1 extracelity of the ␣5␤1, ␣5⌬␤1, and ␣5ec/␣6cy␤1 integrins to form functional receptors and thus mediate oligodendrocyte lular domains. However, as a result of their distinct ␣ cytoplasmic domains, these cells will differ in any intraceladhesion to fibronectin substrates was confirmed by shortterm adhesion assays. All infected cells showed greater lular signaling process downstream of individual ␣ cytoplasmic domains. As a consequence, if differentiation adhesion to fibronectin (p Ͻ 0.005, n ϭ 4) than control "vector-only" cells. No significant differences in the numassays are carried out on fibronectin substrates, two contrasting scenarios could occur. If signaling from the ␣6 ber of adherent cells was observed in these assays between the three hybrid ␣5 integrins (for all, p Ͼ 0.8, n ϭ 4). cytoplasmic domain was not involved, and signaling from The comparison of the effect of expression of the ␣5 full-length, ␣5ec/␣6cy, and ␣5⌬, with control vector-only constructs on the formation of oligodendrocyte myelin membrane. After retroviral infections and subsequent antibiotic selection for 5 days, cells were plated on fibronectin substrates and allowed to differentiate in SATO medium containing 0.5% FCS. As in Figure 1 , after 5 days of differentiation, the cell cultures were fixed, stained for myelin basic protein (MBP), and the extent of myelin membrane formation was quantified using image analysis software. The expression of ␣5, a5⌬, and ␣5ec/␣6cy also had no ing and regulate the expression of genes that require integrin function for their normal expression [13, 14] . It significant effect on the state of differentiation of the oligodendrocyte cultures, as determined by the time of appears that the role of the ␣6 subunit in myelin sheet formation is to simply define the extracellular ligandappearance and proportion of MBP-positive cells (data not shown). This is consistent with a lack of effect on the binding specificity of ␤1 integrins; in this case, to laminins present on at least some cell types whose axons are mytiming of differentiation observed with the use of different substrates [5] or function-blocking antibodies and domielinated in the CNS [15] . Switching the ␣ subunit therefore changes the ligand specificity for myelination, and nant-negative ␤1 constructs as described above.
the manipulation of ␣ subunit expression may provide a strategy for enhancing repair following CNS transplantaOligodendrocyte cell cultures expressing either fulltion of glial precursor cells by increasing their ability to length ␣5␤1, ␣5⌬␤1, and ␣5ec/␣6cy␤1 integrins and bind to extracellular matrix molecules upregulated in the grown on fibronectin substrates produced larger myelin damaged CNS. membranes than control vector-only-infected cells (p Ͻ 0.005, n ϭ 4) (Figure 4) . Importantly, this increase in In contrast to myelination, ␣6 cytoplasmic domain-spemyelin membrane formation on fibronectin was now comcific signaling pathways have been identified in other parable to that seen in control cells grown on laminin-2 experimental paradigms. Sastry et al. reported that the substrates. This confirms the prediction of our experimenintegrin-mediated cell cycle withdrawal and the onset tal strategy that the expression of the ␣5 extracellular of terminal differentiation in muscle cells are controlled domain leads to a switch in the substrate specificity for independently by the ␣5 and ␣6 cytoplasmic domains myelin membrane formation. However, no significant dif- [12] . The ␣6A, but not the ␣6B, cytoplasmic domain will ference in membrane formation was observed between trigger MAP kinase activation in macrophages when adthe full-length ␣5␤1, ␣5⌬␤1, and ␣5ec/␣6cy␤1-expresshering to laminin substrates [16] . Our own work on oligoing oligodendrocytes (for all, p Ͼ 0.5, n ϭ 4) (Figure 4) 
